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Abstract Magnetic reconnection is considered to be one
important source to produce energetic electrons. In this paper, two-dimensional (2D) particle-in-cell (PIC) simulations
are performed to investigate electron acceleration during the
merging process of multiple magnetic islands in a current
sheet with a strong guide field. Due to the existence of the
strong guide field, we can analyze the contributions of the
parallel electric field, Fermi, and betatron mechanisms to the
electron acceleration with the guiding-center theory. During the coalescence process of magnetic islands, the islands
merge each other continuously until only one large island
remains. Energetic electrons are generated during such process, and the electrons with sufficient high energy develop
a power-law spectrum. We also investigate the dependence
of the index of the power-law spectra on the shape of magnetic islands, electron plasma beta, the number of magnetic
islands, and the guide field.
Keywords Magnetic reconnection · Energetic electrons ·
Magnetic islands · Power-law spectrum

1 Introduction
Energetic electrons are closely related to physical phenomena in astrophysical and space environments, such as gamma
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ray bursts (Drenkhahn and Spruit 2002), solar flares (Miller
et al. 1997), substorms in Earth’s magnetosphere (Imada
et al. 2007), and these energetic electrons usually develop
power-law spectra (Øieroset et al. 2002; Holman et al. 2003;
Krucker et al. 2010; Oka et al. 2015). Magnetic reconnection
is a fundamental physical process, which dissipates magnetic energy into plasma kinetic energy by changing the
topology of magnetic field lines. The production of energetic
electrons is also a critical signature in magnetic reconnection, and thus it may provide a possible mechanism to explain the ubiquitously observed energetic electrons in these
explosive phenomena.
It is generally accepted that electrons can be accelerated
by the reconnection electric field near the X line and the
parallel electric field in the separatrix region (Hoshino et al.
2001; Drake et al. 2005; Fu et al. 2006; Huang et al. 2010,
2012; Wang et al. 2014). Besides, electrons can be accelerated by the betatron process in the jet front, where magnetic
field is piled up by the high-speed outflow from the X line
(Fu et al. 2011, 2013; Birn et al. 2013; Wu et al. 2013, 2015;
Huang et al. 2014; Lu et al. 2014, 2016; Zhou et al. 2018),
and also the Fermi process when they are reflected at the
two ends of a contracting magnetic island (Fu et al. 2006;
Drake et al. 2006a). However, how a power-law spectrum of
energetic electrons is formed during magnetic reconnection
is still a puzzle
Recently, magnetic islands, which can be formed in a
current sheet via multiple X line reconnection (Drake et al.
2006b; Daughton et al. 2006; Wang et al. 2010; Lu et al.
2014; Ma et al. 2015; Guo et al. 2018) or induced through
Kelvin-Helmholtz instability in a current sheet with a strong
shear flow (Nakamura and Fujimoto 2008; Huang et al.
2017), are considered to play a critical role in electron acceleration during magnetic reconnection (Fu et al. 2006;
Chen et al. 2008; Pritchett 2008; Oka et al. 2010; Li et al.
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2017; Wang et al. 2016, 2017). With the formation of magnetic islands, electrons can be easily trapped in or around
the magnetic islands, and experience multiple acceleration
near the X line by the reconnection electric field or Fermi
process inside the magnetic islands. Magnetic islands also
tend to coalesce and form large islands (Finn and Kaw 1977;
Pritchett 2007; Wang et al. 2016; Zhao et al. 2016; Zhou
et al. 2017), and electrons are found to be accelerated during such a process. With two-dimensional (2-D) particle-incell (PIC) simulations, Lu et al. (2018) investigated the process of electron acceleration in multiple X line reconnection with a guide field, and in such a process magnetic islands are generated at first and then coalesce with each other.
Electrons can be accelerated during both the generation and
the coalescence of magnetic islands by the parallel electric
field and Fermi mechanism, and at last form a power-law
distribution. In order to know more clearly electron acceleration during the coalescence of magnetic islands, in this
paper we perform 2-D PIC simulations to study the evolution of a chain of preexisting magnetic islands in a current sheet and associated electron acceleration, and the influences of the shape of magnetic islands, electron plasma
beta, the number of magnetic islands, and the guide field,
are also considered. Here, in the current sheet, there is a
strong guide field, and electron motions can be assumed to
be adiabatic. Therefore, we can analyze the electron acceleration with the help of the guiding-center theory. According
to the guiding-center theory, the total electron kinetic energy is governed by the following equation (Northrop 1963;
Dalin et al. 2014),

out 2D PIC simulations. In the simulations, the electromagnetic fields are defined on the grids in the x–z plane and
updated by solving the Maxwell equations with a full explicit algorithm. The particles can move in the x–z plane,
but retains all three components of their velocities, and they
are advanced by the Lorentz force. The initial configuration
for the simulations is the island-chain equilibrium described
by the vector potential component


z
x
(2)
Ay (x, z) = −λB0 ln cosh + ε cos
λ
λ
where B0 is the asymptotic magnetic field, and λ gives the
half-thickness of the current sheet, ε determines the shape
of magnetic island, or the relation between the width of the
initial island δ and the half-thickness of the current sheet
λ, which is δ/λ = cosh−1 (1 + 2ε) (where 0 ≤ ε < 1). The
magnetic field can be determined in the following way:
Bx = −∂Ay /∂z, Bz = ∂Ay /∂x, and By = B0y is the guide
field. The corresponding number density n can be described
as
n(x, z) = nb + n0

1 − ε2
(cosh λz + ε cos xλ )2

(3)

where U is the total electron kinetic energy, B is the amplitude of the magnetic field, E , J and u are the electric
field, electron current density and electron bulk velocity parallel to the magnetic field, uE is the “E × B” drift velocity,
n is the electron number density, and p⊥ , p are the perpendicular and parallel pressures, and κ = b · ∇b (where
b = B/B) is the curvature of magnetic field lines. The first
term in the right hand of Eq. (1) represents the electron acceleration by the parallel electric field, and the second is the
betatron mechanism. The last term is the contribution from
the Fermi mechanism.

where nb is the number density of the background plasma,
and n0 gives the number density in the center of the current sheet. The initial distribution functions for ions and
electrons are Maxwellian with a drift velocity in the y direction, and their drift speeds satisfy Vi0 /Ve0 = −Ti0 /Te0 ,
where Vi0 (Ve0 ) and Ti0 (Te0 ) are the drift speed and initial
temperature for ions(electrons), respectively. In our simulations, we set n0 = 5nb , the mass ratio of ion to electron
mi /me = 100 and the light speed c = 15VA (where VA is
the Alfven speed defined by B0 and n0 ). The computations
are carried out in a rectangular domain with the dimension
Lx × Lz = 60di × 15di , where di = c/ωpi is the ion inertial length defined by n0 . The grid number is Nx × Nz =
1200 × 300, so the spatial resolution is x = z = 0.05di .
The maximum of x over λd ((x/λd )max , λd is the Debye length based on n0 , Ti0 and Te0 ) is about 1.2 among
all the simulations. The time step is Ωi t = 0.001, where
Ωi = eB0 /mi is the ion gyro-frequency based on B0 . We
employ more than 108 particles per species in the simulations. The periodic boundary conditions are used in the x
direction, while the ideal conducting boundary conditions
for electromagnetic fields and reflected boundary conditions
for particles are employed in the z direction.

2 Simulation model

3 Simulation results

We investigate the electron acceleration during merging process of a chain of preexisting magnetic islands by carrying

In this paper, we investigate the coalescence process of
magnetic islands and associated electron acceleration by





dU
p⊥ ∂B
= E  J +
+ uE · ∇B + p + me nu2 uE · κ
dt
B ∂t
(1)
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Table 1 Parameters for the
various simulation runs

ap

is the index of the power-law
spectrum of energetic electrons

bT

is the total time for the
system from the beginning to
the end of the merging process
(when only one large island
remains)
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Run

B0y /B0

N

βe

ε

pa

Ωi T b

1

1.0

10

0.2

0.50

2.09

215

2

1.0

10

0.2

0.25

2.49

355

3

1.0

10

0.2

0.65

2.61

165

4

1.0

10

0.3

0.50

1.93

215

5

1.0

10

0.4

0.50

2.23

215

6

1.0

7

0.2

0.50

1.91

255

7

1.0

20

0.2

0.50

2.66

140

8

1.5

10

0.2

0.50

2.31

245

9

2.0

10

0.2

0.50

2.59

300

Fig. 1 Magnetic field lines in the x–z plane and the electron current in
the y direction (Jey ) at Ωi t = 0, 30, 37.5, 50, 75, 215 for Run 1.

changing the following parameters: ε, the electron plasma
beta βe = 2μ0 n0 Te0 /B02 , the number of magnetic islands
in the simulation domain N (N is controlled by changing
the length of the magnetic island l (l = 2π/(1/λ) = 2πλ)
through the relation N = Lx / l), and the guide field B0y .
The details of all runs are listed in Table 1.
Figure 1 shows the evolution of the electron current in the
y direction (Jey ) during the coalescence process of magnetic
islands for Run 1. The initial configuration is an island-chain
with ten magnetic islands, and the electron current pointing
to the y direction (Jey ) is mainly located within the magnetic islands. At about Ωi t = 30, the magnetic islands at
x ≈ 15di and x ≈ 21di get closer to each other and begin to
merge at x ≈ 18di . At about Ωi t = 37.5, the two islands co-

alesce into one large island, which takes about only 7.5Ωi−1 .
At the same time, an elongated current sheet is generated at
x ≈ 12di , whose current directs to the y direction, which is
opposite to the current around the merging point at x ≈ 18di .
The islands continue to merge each other, and there are only
five magnetic islands remain at about Ωi t = 50, and this process only takes about 12.5Ωi−1 . At about Ωi t = 75, there
are three large magnetic islands and the merging process is
completed at about Ωi t = 215 when only one large island
remains.
In our simulations, a strong guide field is used, and the
electron motions can be considered to adiabatic, and the
evolution of electron kinetic energy can be governed by
Eq. (1). In Fig. 2, from the left to the right panel, we plot
the spatial distribution of the contributions from the parallel electric field, Fermi, and betatron mechanisms to the
electron kinetic energy for Run 1 at Ωi t = (a) 30, (b) 37.5,
(c) 50, and (d) 75, respectively. When the merging process
just begins, the contributions of these three mechanisms are
weak. As the merging proceeds, we can see stronger contributions from the parallel electric field and Fermi mechanisms. The contribution of the parallel electric field mechanism is mainly distributed in the vicinity of X lines and
the merging points, while that from the Fermi mechanism
is concentrated at the two ends of the contracting magnetic
islands. The contribution from the betatron mechanism remains small and is negligible during the whole merging process. This can be demonstrated more clearly in Fig. 3, which
plots the contributions from the parallel electric field, Fermi,
and betatron mechanisms to the evolution of electron kinetic energy for Run 1 after they are integrated in the whole
simulation domain. The contributions are important during
Ωi t = 30–120. Notice that after this time period, there are
only two large magnetic islands in the simulation domain,
and the merging process of these two large magnetic islands
is very slow, which leads to the slow increase of electron
kinetic energy. We can also find that the contribution from
the parallel electric field is larger than that from the Fermi
mechanism.

109

Page 4 of 9

Y. Liu et al.

Fig. 2 From the left to the right, the panels above depict the spatial distribution of the contributions of the parallel electric field, Fermi, and betatron
mechanisms to the electron acceleration at Ωi t = (a) 30, (b) 37.5, (c) 50, (d) 75 for Run 1.

Fig. 3 The contributions of the parallel electric field, Fermi, and betatron mechanisms to the electron acceleration in the whole simulation
domain for Run 1. The “Sum” is the sum of the parallel electric field,
Fermi, and betatron mechanisms, and dUe dt represents the total electron kinetic energy change.

Figure 4 shows the electron energy spectra for Run 1
at Ωi t = 0, 30, 70, 90 and 190. Initially, the distribution of
the electrons displays a Maxwellian function. As the merging process goes on, there forms a non-thermal tail. At
about Ωi t = 70, a power-law spectrum for energetic electrons is formed. The index of the power-law spectrum al-

Fig. 4 The electron energy spectra at Ωi t = 0, 30, 70, 90, 190 for
Run 1. The black dashed line is the initial electron energy spectrum,
which is a Maxwellian distribution, and the black solid line is the fitted
power-law distribution at high electron energy at the time Ωi t = 190
with an index p = 2.09.

most doesn’t change after Ωi t = 90, which is estimated to
be 2.09 at Ωi t = 190.
We further investigate the influence of the parameter ε
on the evolution of magnetic island coalescence. In general,
with the increase of the parameter ε, the initial magnetic is-

Electron acceleration and formation of power-law spectra of energetic electrons during the merging process. . .

lands become round, and process of island coalescence becomes faster, for the initial width of the current sheet between each two islands is thinner, causing the earlier startup of the merging process. This can be seen more clearly in
Fig. 5, which shows the evolution of the electron current in
the y direction (Jey ) during the coalescence process of magnetic islands for Run 3. The merging process is completed at
about Ωi t = 165. Figure 6 describes the contributions from
the parallel electric field, Fermi, and betatron mechanisms

Fig. 5 Magnetic field lines in the x–z plane and the electron current in
the y direction (Jey ) at Ωi t = 0, 30, 37.5, 55, 75, 165 for Run 3.

Fig. 6 Plots of the contributions
of the parallel electric field,
Fermi, and betatron mechanisms
in the whole simulation domain
and the electron energy spectra
at Ωi t = 170 for (a) Run 2 and
at Ωi t = 130 for (b) Run 3,
respectively.
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to the evolution of electron kinetic energy after they are integrated in the whole simulation domain, and the electron
energy spectra at Ωi t = 170 for (a) Run 2 and at Ωi t = 130
for (b) Run 3. With the increase of the parameter ε, the total
electron energy gain calculated by integrating dUe dt over
time increases, for there is more free magnetic energy with
a larger ε. There forms a power-law spectrum for both runs,
and the indexes are 2.49 and 2.61 for Run 2 and 3, respectively.
Figure 7 shows the contributions from the parallel electric field, Fermi and betatron mechanisms to the evolution
of electron kinetic energy after they are integrated in the
whole simulation domain and the electron energy spectra
at Ωi t = 190 for (a) Run 4 and (b) Run 5. The change of
the electron plasma βe almost doesn’t change the process of
magnetic island coalescence, and these contributions mainly
occur during the time period Ωi t = 30–120. We can also
find that with the increase of the electron plasma βe , although the contribution of the Fermi mechanism becomes
larger, the total electron energy gain calculated by integrating dUe dt is nearly the same. The indexes of the powerlaw spectra are 1.93 and 2.23 for Run 4 and 5, respectively.
The evolution of the island coalescence has also been investigated by changing the number of magnetic islands in
the simulation domain, and the increase of the number of
magnetic islands will expedite the coalescence process. Figure 8 shows the evolution of the electron current in the y
direction (Jey ) during the coalescence process of magnetic
islands for Run 7. Initially, there are twenty magnetic islands in the simulation domain. We can see that the merging process is much faster compared with Run 1, where initially there are ten islands. At about Ωi t = 37.5, there are
only four magnetic islands in the simulation domain. These
magnetic islands finally merge into one large island at about

109

Page 6 of 9

Y. Liu et al.

Fig. 7 Plots of the contributions of the parallel electric field, Fermi, and betatron mechanisms in the whole simulation domain and the electron
energy spectra at Ωi t = 190 for (a) Run 4 and (b) Run 5, respectively.

Fig. 8 Magnetic field lines in the x–z plane and the electron current in
the y direction (Jey ) at Ωi t = 0, 12, 15, 37.5, 95, 140 for Run 7.

Ωi t = 140. Figure 9 shows the contributions of the parallel
electric field, Fermi, and betatron mechanisms to the evolution of electron kinetic energy after they are integrated in
the whole simulation domain, and the electron energy spectra at Ωi t = 200 for (a) Run 6 and at Ωi t = 170 for (b)
Run 7, respectively. With the increase of the initial num-

ber of magnetic islands, the coalescence process becomes
faster, and the total electron energy gain calculated by integrating dUe dt over time increases. This is also because
that there is more free magnetic energy when there are more
magnetic islands. The indexes of the power-law spectra for
the suprathermal electron in Run 6 and 7 are 1.91 and 2.66,
respectively.
Figure 10 shows the evolution of the electron current in
the y direction (Jey ) during the coalescence process of magnetic islands for Run 9. Compared with Run 1, now the
merging process of magnetic islands is slower. The merging
process is completed at about Ωi t = 300. Figure 11 plots the
contributions of the parallel electric field, Fermi, and betatron mechanisms to the evolution of electron kinetic energy
after they are integrated in the whole simulation domain, and
the electron energy spectra at Ωi t = 280 for (a) Run 8 and
(b) Run 9. Obviously, with the increase of guide field, the
contribution of Fermi mechanism becomes less important,
which is in accordance with the previous study (Wang et al.
2016; Lu et al. 2018). The power-law index of the suprathermal electrons also increases with the increase of guide field,
which are about 2.31 and 2.59 for Run 8 and 9, respectively.

4 Summary and discussion
In this paper, we study the coalescence of magnetic islands
and the produced suprathermal electrons by employing a 2D
PIC simulation model. In order to analyze the contributions
of the parallel electric field, Fermi and betatron mechanisms
to the production of suprathermal electrons based on the
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Fig. 9 Plots of the contributions
of the parallel electric field,
Fermi, and betatron mechanisms
in the whole simulation domain
and the electron energy spectra
at Ωi t = 200 for (a) Run 6 and
at Ωi t = 170 for (b) Run 7,
respectively.

Fig. 10 Magnetic field lines in the x–z plane and the electron current
in the y direction (Jey ) at Ωi t = 0, 35, 43, 100, 170, 300 for Run 9.

guiding-center theory, a strong guide field is used in our
simulations. We can find that these magnetic islands will
merge each other, and at last one large island remains. At
the same time, suprathermal electrons, which have a powerlaw spectrum when the energy is sufficiently high, are produced during the coalescence process of magnetic islands.
These suprathermal electrons are accelerated mainly by the
parallel electric field and Fermi mechanism. The parameters,

including ε, the electron plasma beta βe , the initial number
of magnetic islands in the simulation domain and the guide
field B0y can significantly influence the resulted power-law
spectra formed during the coalescence process of magnetic
islands. The increase of the number of magnetic islands and
the guide field can result in the increase of the index of
power-law spectrum in our simulations.
The energetic electrons observed in astrophysical and
space environments usually have a power-law spectrum,
and magnetic reconnection is considered to be one possible
source to produce power-law distribution of energetic electrons (Guo et al. 2014; Li et al. 2017; Lu et al. 2018). Drake
et al. (2013) and Zank et al. (2014) investigate the formation of power spectrum of energetic electrons during the interactions of islands, and give an analytical results, and the
essence is that the electrons with higher energy will get a
more higher acceleration efficiency. In this paper, we find
that a power-law distribution of energetic electrons is easy
to be formed during the coalescence of magnetic islands.
Magnetic islands are easy to be generated during magnetic
reconnection. For example, Shibata et al. (1995) proposed
a plasmoid-induced-reconnection model to explain the plasmoids ejected during solar flares, where small scale magnetic islands (plasmoids) created by small scale tearing will
be ejected and collide each other to produce larger islands by
coalescence, and at last a large scale island will be ejected
(Shibata and Tanuma 2001, Shibata and Takasao 2016).
Therefore, our simulations provides a potential way to explain power-law spectra of energetic electrons ubiquitously
observed in explosive phenomena in astrophysical and space
environments.
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Fig. 11 Plots of the
contributions of the parallel
electric field, Fermi, and
betatron mechanisms in the
whole simulation domain and
the electron energy spectra at
Ωi t = 280 for (a) Run 8 and (b)
Run 9, respectively.
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